The implantation of tumour cells in normal tissues and the subsequent induction of angiogenesis by the growing xenograft were studied by means of immunohistochemistry and digital image analysis. Tumour growth was induced by injection of a human spindle cell sarcoma (ES3) into the subcutis of HsdCpb:NMRI-nu/nu mice. In vivo injection of Hoechst 33342 was used as a marker of perfusion. The vasculature was stained with specific antibodies and subsequently analysed by digital image analysis. Starting at day 3 up to day 6, angiogenesis could be detected and the relative amount of perfusion within the investigated area reached a peak at day 6. This method, which allows investigation of both functional and morphometric characteristics of human xenograft vasculature, serves as an excellent assay for evaluation of antiangiogenic therapies in translational research of experimental tumours.
Tumours, as any other tissue, require sufficient blood supply for the maintenance of metabolism and growth. While in small tumours of less than 1 mm diameter, the delivery of oxygen and nutrients is supported by diffusion from the surrounding tissue, larger tumours depend on a sufficient vasculature. It is now well accepted that tumours induce and maintain a specific tumour vasculature with sprouting of new capillary vessels from pre-existing vasculature. Neovascularization within an adult organism (angiogenesis) is slightly different from the original formation of vessels during embryonal or fetal development (vasculogenesis) (Risau 1997) .
Angiogenesis is induced and regulated by various growth receptors and proteins including vascular endothelial growth factor (VEGF)-family members (PIGF, VEGF A-D), Tie-2, PDGF, and integrins (Carmeliet & Jain 2000 , Yancopoulos et al. 2000 . The autocrine secretion of these factors is promoted by hypoxic conditions in the tumour microenvironment (Dor & Keshet 1997) .
Neovascularization is a dynamic and complex process that is essential not only for primary tumour growth but also for metastatic disease. Based on the hypothesis that invasive growth and the potential for metastasis of solid tumours is dependent on the formation of their own vasculature, active inhibition of the angiogenic process seems to hold great promise as a therapeutic strategy, either alone or in combination with other antitumour therapies (Gong et al. 2003) . However, little is known about the functional status of microvessels generated during very early tumour formation and with increasing availability of antiangiogenic agents, reliable methods that allow the preclinical evaluation of the effects on vascular pathophysiology in the tumour microenvironment, especially in in vivo models, are needed.
Therefore, we investigated the morphological and functional changes during neovascularization of growing tumours, using immunohistochemistry and digital image analysis as appropriate tools. These methods allow evaluation of relative vessel area and perfusion as a measure of the functional status of the vasculature at the same time.
Material and methods

Animals
Female nude mice (HsdCpb:NMRInu/nu) were used in this study which are characterized by agenesis of the thymus. The lack of thymus-dependent T lymphocytes results in an immunodeficiency which allows the transplantation of human xenograft tumours. The mice were obtained from the Central Animal Laboratory of the University Duisburg-Essen Medical School, where breeding was performed under specific pathogen-free (SPF) conditions (barrier). The health status of the animals was investigated quarterly in accordance with the Federation of European Laboratory Animal Science Associations (FELASA) recommendations (Nicklas et al. 2002) . Animals were free from pathogenic agents. Animals were housed at the Department of Radiation Oncology under filter-top cages in laminar air-flow units. They had unlimited access to water, supplemented with potassium sorbate (0.8 g/L) acidified to a pH of 3, and a high caloric nude mouse diet (12 ZH 10, Altromin, Germany). Animals were 6-9 weeks old when entering the experiment. All experiments were in accordance with animal protection laws and approved by the local study review board.
Tumour cell implantation
We used a human spindle cell sarcoma (ES3), which was originally derived from a biopsy of a patient's primary tumour and maintained by repeated transplantation to nude mice. Regular DNA analyses were accomplished to ascertain the human origin of the xenografts. The median doubling time of the tumour is 2.2 days. Cell suspensions (1.4 Â 10 6 cells) were injected subcutaneously into the right hind leg. Tumours were grown without constraint, tumour size was measured every day using two perpendicular diameters. Tumour volume was calculated using the formula V ¼ a Â b 2 /2, with V ¼ volume and a, b the long and short diameters, respectively. At predefined time points (days 3, 6, 10, 12, 13 and 14), a perfusion marker was given intravenously and tissue specimens from the tumour region were excised for further analyses after animals had been euthanized (see below).
Immunohistochemistry
As a marker of perfusion, Hoechst 33342 (0.2 mL in phosphate-buffered saline (PBS) solution, 7 mg/kg) was injected in vivo via the tail vein. Mice were anaesthetized with inhalation of ether and killed 5 min after injection by decapitation. Tumours were excised together with surrounding tissue and frozen sections of 6 mm thickness were cut. After fixation in acetone, rehydration with PBS was performed. Subsequently, tumours were incubated with the monoclonal rat anti-mouse 9F1-endothelial antibody (kindly provided by the Department of Pathology, University of Nijmegen, The Netherlands) for 225 min (at 41C) in order to achieve adequate binding to the tumour vessels. The vasculature was then stained with a tetramethyl rhodamine iso-thiocyanate (TRITC)-labelled secondary (goat anti-rat) antibody (Tago, Burlingame, CA, USA) (Bernsen et al. 1995) . Consecutive sections of the tumour region were paraffin-embedded, haematoxylin and eosin (HE)-and Giemsastained and examined using light microscopy (Zeiss Axioskop, Jena, Germany).
The occurrence of apoptotic cells in tissue sections and necrosis was analysed by terminal deoxy transferase uridine triphosphate nick-end labeling (TUNEL) assay as described previously (Gavrieli et al. 1992) . Following fixation, specimens were washed in PBS and incubated with terminal deoxynucleotidyl transferase (TdT enzyme) (ApopTag s , Oncor Inc, Gaithersburg, MD, USA). After fluorescent (fluorescein isothiocyanate [FITC]) staining, sections were counterstained with propidium iodide. Samples were examined by fluorescence microscopy (excitation: 490 nm, emission 520 nm).
Digital image analysis
Antibody-labelled sections of the tumours were evaluated by fluorescence microscopy (Zeiss Axioskop, Jena, Germany) and automated image analysis (Imtronic, Berlin, Germany). For analyses of vascular patterns, a 510-560 nm excitation filter and a 590 nm emission filter were used. Hoechst 33342 could be visualized (blue) in ultraviolet light using a 365 nm excitation and 420 nm emission filter in the same sections. Each tumour section was scanned completely with a fluorescence microscope using both filters subsequently. Digital image analysis (Imtronic Inc, Germany) allowed exact allocation of all separate fields (using 10 Â objective) so that one large image could be reconstructed from all separately processed images. Artefacts were excluded manually by the investigator, and areas of necrosis were not included in further analyses. The fluorescence signals were then binarized (red and blue) after setting threshold values resulting in two composite images, one representing the vascular structures and another indicating the perfused areas. Matching of both images resulting in overlapping structures represented those vascular structures which were perfused by Hoechst at the time of injection. Quantitative analysis indicated relative vascular area: vascular area divided by total tumour area, as well as the fraction of perfused vessels: the amount of perfused vessels in proportion to the total vascular area, thus leading to distinct evaluation of morphological and functional conditions of the tumour microenviroment. Sections of normal subcutaneous tissue were investigated as controls.
Statistical analysis
Animals were randomly assigned to groups of seven mice per time point (tumourbearing animals: 4, controls: 3). Quantitative analysis and statistical evaluation of vascular area and perfusion were performed using an individualized software program (based on EXCEL s and Visual Basic s , Microsoft Inc). Means and standard errors were calculated by the SAS software package (SAS Inc, Calgary, TX, USA). Differences were analysed using the t-test.
Results
Three days after implantation of tumour cells, agglomeration of tumour cells with high numbers of mitotic figures were observed in paraffin sections. This early tumour formation was accompanied by central areas of necrosis. A number of cells showed marked positivity in the TUNEL assay corresponding to apoptotic and necrotic cell loss.
At day 6, tumour formation was consolidated and invasion of granulocytic cells, e.g. macrophages, from the peripheral stromal tissue were observed (Figures 1-3) .
At this time point, the digital image analysis revealed formation of vessels and perfusion was intensified around the tumour region (Figures 4a and b) . The relative vascular area of the tumour region increased from 3.9% (SE70.5) at day 3 up to 8.1% (SE70.9) at day 6 (Pp0.01, two-sided t-test).
Laboratory Animals (2007) 41 Figure 1 Haematoxylin/eosin-stained section of the tumour area, day 3, magnification 10 Â Â Perfusion, accounting for only 22.8% (SE73.6) of vessels at day 3, reached a peak at day 6 with values around 52% (SE73.1) of perfused vessels (Pp0.01, t-test, Figure 4c ). During the following days, the tumour formation was further accomplished. After day 10, the tumour was fully integrated into the surrounding healthy tissue. At day 12, vascularity and perfusion decreased with values around 2.3% (SE70.2) and 17.1% (SE73.3), respectively. However, both parameters remained on a slightly higher level than the surrounding tissue of the host ( Figure 5 ).
During the time course of the investigation, the region of interest (comprising the tumour area and a rim of connective tissue of the host) increased from 6 mm 2 (SE70.22) at day 3 to 25.35 mm 2 (SE73.58) at day 12.
Discussion
Several in vivo models have been used to investigate both morphological and functional aspects of the vascular system in xenotransplanted tumours (Gimbrone et al. 1974 , Knighton et al. 1977 , Lauk et al. 1989 , Steinberg et al. 1990 , Leunig et al. 1992 , Passaniti et al. 1992 . Microvascular corrosion casting is an excellent morphometric method for three-dimensional analysis of the vascular network and has been used to examine quantitatively timedependent changes in the vascularity of the chick chorioallantoic membrane (Dimitropoulou et al. 1998) . Moreover, corrosion casts have revealed significant quantitative differences in interbranch and intervessel distances related to a characteristic vascular architecture of various tumour types (Konerding et al. 1999 ). These differences were not dependent on the size or growth rate but rather on features characteristic of the cell type of the used experimental tumours. However, it has been found difficult to concurrently investigate the functional status of microvessels and morphometric parameters. Only few data are available, despite the fact that the functional status of a vascular network may have major biological impact on the sensitivity of a tumour towards cytotoxic drugs or irradiation. Tumour angiogenesis shows several structural and functional abnormalities including irregular branching patterns, increased vascular permeability and high amounts of arterio-venous shunt formation which leads to an inadequate perfusion (Thews et al. 2004) .
However, objective evaluation of tumour vascularization has been hampered by difficulties in obtaining reproducible quantitative data. Computer-assisted image analysis offers advantages as a rapid and objective method for the quantitative . Chantrain et al. (2003) have employed a method of high-resolution slide scanning of whole tumour sections. They were able to analyse the endothelial area with high reproducibility by immunohistochemistry methods. However, no information about the functional status of the vasculature was provided. Therefore, the combination of immunohistochemistry and digital image analysis, which allows simultaneous visualization of vascular patterns and perfusion together with quantitative assessment of vessel density (Bernsen et al. 1995 , Bussink et al. 1998 , has been developed. In the present study, this method was applied to analyse the tumour microenvironment after xenograft implantation of a human spindle cell sarcoma. The results indicate that tumour nutrition by diffusion from the host tissue is only sufficient for 3-4 days. Successful xenograft implantation is dependent on the tumour cell ability to induce angiogenesis (Hanahan & Folkman 1996 , Denekamp et al. 1998 . There is evidence that a significant amount of vessel formation is promoted during tumour growth, but establishing a solid tumour is accompanied by rising perfusion towards the tumour-bearing tissue area. Only selected cell lines will be able to maintain a functionally sufficient vascular network and establish a solid tumour in vivo. We observed functional vasculature in our human sarcoma xenograft model after 10-12 days from the day of injection of a cell suspension. In addition, our observations indicate that successful implantation of a xenografted tumour induces perfusion within the newly formed vascular network, which is directed towards the area of proliferating cells. With an increasing area occupied by the tumour, the relative vascular area decreases and the observed peak of relative amount of perfused vessels decreases after day 6.
It has recently been shown that the vasculature of experimental xenograft tumours may be influenced by microenvironmental factors. Using a rodent dorsal skinfold chamber model, Li et al. (2000) were able to demonstrate that tumour cells exhibit a chemotaxis-like migration toward the host blood vessels before the onset of angiogenesis. They observed an intimate relationship between the tumour cells and tumour neovasculature, with a process of unidirectional cell division and a close longitudinal alignment of tumour cells along the newly formed microvessels. They suggest that the identification of the responsible chemotactic signals would provide valuable targets for preventing tumour progression and metastasis.
Microregional variations depending on specific implantation sites may influence the growth of experimental xenografts. This applies, in particular, for tumours such as gliomas or prostate cancer cell lines which need a specific microenvironment in terms of surrounding stromal tissue or neuroendocrine stimuli, respectively (Bernsen et al. 1999 , Gray et al. 2004 ). However, angiogenesis has been shown to be stimulated by hypoxia and consecutive upregulation of proangiogenic factors including VEGF. A series of excellent experiments has recently provided evidence for a two-stage model of tumour angiogenesis (Cao et al. 2005 ). The first phase occurs independent of hypoxia, while the consecutive hypoxia response appears to stimulate an even more intensive angiogenesis at a later stage. Consequently, the suppression of the hypoxia response may not be sufficient to inhibit the progress of incipient tumour angiogenesis. Much attention has been given to the development of agents that inhibit angiogenesis in the clinic. VEGF is the ligand of at least two tyrosine-kinase receptors (Flt-1 and Flk-1/KDR). Recombinant humanized monoclonal antibodies that inhibit the binding of VEGF to the endothelial cell receptors have been shown to inhibit angiogenesis in animal models and are now being used in clinical trials (Prewett et al. 1999 , Kabbinavar et al. 2003 . Furthermore, antiangiogenic effects are potentiated by irradiation. Our group has demonstrated that the combination of specific or non-specific antiangiogenic agents (i.e. 2-methoxyestradiol, arginine deiminase) with irradiation leads to a reduction in the absolute number of tumour vessels and of perfused tumour vessels (Gong et al. 2003) .
Although this study is limited to one single experimental tumour, the present nude mouse model appears suitable for providing an insight into the functional status of a vascular network and represents an excellent tool for studying even small tumours during early growth. Angiogenesis as well as the effects of antiangiogenic therapies can be investigated prospectively with regard to tumour microenvironment, morphology and functional changes.
